Introduction
This Report describes the principles involved in counting, or measuring, the flux of directly or indirectly ionizing particles, including photons, produced by radioactive samples. It does not deal specifically with optical or longer wavelength electromagnetic radiations, but some of the topics covered might have applications in non-ionizing photon counting and in other fields involving the statistical properties of randomly occurring events.
The emphasis is on particles and counting, i.e. , on discrete random events, and especially on fundamental aspects. These are subject to statistical fluctuations and their rate is a stochastic quantity, the value of which cannot be predicted but is determined by a probability distribution (ICRU, 1980) . The expectation value (mean value) of a stochastic quantity is a non-stochastic quantity which, in principle, can be calculated and is defined as a continuous, differentiable point function. " Particle statistics" are basic to this Report, but the calculation of the uncertainties of observations and the statistical treatment of data are not discussed as they are described elsewhere (e.g., Martin, 1971 ; ISO, 1993) .
A recent text on radioactivity measurements (Mann et al., 1991) treats a wide range of measurement techniques, including some historical background material, and it lists over 400 references. Other comprehensive texts concerning topics relevant to this Report are available (e.g ., Evans, 1955; Goldanskiy et al., 1962; Vincent, 1973; NCRP, 1985) .
The Report deals essentially with eight subjects. Section 2 defines and outlines the properties of the Poisson process which provides the basic mathematical description of uncorrelated events occurring randomly in time.
Following a short discussion (Section 3) of livetiming and pile-up, Section 4 describes the aspects of measurement of radioactivity using a single detector, while Section 5 covers in considerable detail the more complicated subject of the coincidence method for absolute measurements using two detectors. Anticoincidence counting, the topic of Section 6, is closely related to coincidence counting but not used as much. It has a few disadvantages, but some significant advantages as compared to coincidence counting, such as the absence of accidental coincidences and the capability for measuring nuclides populating isomeric daughter states with halflives of up to 10 f-LS and even greater.
The selective sampling method, particularly well suited to counting at high rates, is the subject of Section 7. The fact that the most recent versions can be implemented with commercially available electronics should lead to its wider use. Correlation counting is treated in Section 8. It requires more sophisticated electronics than coincidence counting, but has the advantage of being readily extendable to nuclides decaying through relatively long-lived daughter states.
Extrapolation techniques are widely used in radionuclide metrology because, as shown in Section 9, decay-scheme-dependent efficiency corrections, which may not be accurately calculable, disappear when the results of a series of measurements can be extrapolated to a detector efficiency of unity. Extrapolation is intrinsically uncertain and care must be taken to obtain statistically unbiased estimates of extrapolation parameters and their uncertainties.
It is obviously not possible to deal in a single report with all aspects of the subject; rather, the aim is to treat the basic principles fully, to describe some applications to radioactivity measurements in detail and to supply enough references to guide the reader to other topics of special interest. In particular, this Report does not deal with mechanisms of detectors (Knoll, 1989) , but assumes that devices producing suitable output signals are available.
An effort has been made to use a consistent notation (Appendix A). The symbols most frequently used are listed in Appendix B, whereas special terms are explained in a glossary (Appendix C). Subroutines for the evaluation of the true coincidence count rate are given in Appendices D and E . Finally, an extensive list of references is given to introduce the reader to the original literature.
Fundamental to all sections are the definitions of nuclides, isotopes, radioactivity, the radioactive decay law and activity (disintegration rate of a radioactive sample) .
A nuclide is an atomic species with a nucleus having Z protons (the atomic number) and N neutrons. It is denoted ~X, where X represents the symbol for an element and A = Z + N is the mass number.
Since Z is redundant, it is often omitted from the symbol, e.g., 12 C instead of 1 gC. Nuclides with the same Z are isotopes of element X. For example, the 1 nuclides 12 C and 13 C are stable isotopes of carbon and the radioactive nuclide (radionuclide) 14 C is a radioactive isotope (radioisotope) of carbon.
Radioactivity is the property of radionuclides whereby they spontaneously transmute (or decay) to other (daughter) nuclides with the release of energy carried by emitted particles (alpha particles, electrons, neutrinos, photons). Radioactivity is observed by detecting particles or their effects; it is most accurately measured by counting particles.
When, as is usually the case, a sample of a radionuclide contains a large number, .ff, of radioactive atoms, the activity is observed to decay exponentially with time, i.e., .Al'(t) = .Al'(O) e -At, where .Al'(O) is the number of atoms present at t = 0 and Jfl'(t) the number at time t. This is the radioactive decay law. It follows that the number of atoms decaying in a short time interval, dt, is proportional to the number present, i.e., d.AI'/ dt = -A.Al' . The proportionality factor, A, is called the decay constant. Its value is unique to each radionuclide, independent of the sample's history and, with rare exceptions, independent of the sample's chemical and physical state. It is convenient to characterize the decay rate by the half life, T 1 1 2 , the time in which .Al' is reduced by a factor of two; thus T 112 = ln 2/ A.
The rate of decay of a sample is called its activity, A, defined as follows: the activity of an amount of a nuclide in a specified energy state at a given time is the expectation value, at that time, of the number of spontaneous nuclear transitions in unit time from that energy state (NCRP, 1985) . If the number of transitions (dN) can be identified with the change in the number of parent atoms (-d.AI'), then the defini-tion of activity becomes A = dN/ dt (ICRU, 1980) . If .Al' decays exponentially, as is the case for a radioactive source with direct decay, then we also have for the radioactivity A(t) = A(O) e -At, since A = (A.Al') . However, there are cases where (-d.Al'/dt) does not correspond to the activity because .Al' may be kept constant, for instance by activation by means of a nuclear reaction. In such a case, d.Al'/dt could be zero, but A would still be equal to (A.Al') . The quantity A is an expectation value and hence non-stochastic. The unit of activity, s-1 , has been given the special name becquerel (Bq) .
It is worth recalling that, in the mid-sixties, many people engaged in the measurement of radioactivity believed that the basic problems in this field were essentially settled and that the then existing methods were adequate for all practical needs. Although much detailed work certainly remained to be done, no further major developments were expected. The past two decades have clearly refuted this prognosis. Not only have the traditional methods been based on a much safer grounding, thereby permitting their use in more demanding situations (which have since been occurring), but also, hitherto, unexpected new approaches have been developed and implemented. A seemingly well-settled field is thus showing signs of renewed vitality.
As a consequence, there is now a real need for a concise description of the present state of the art, particularly for some of its rapidly developing areas. It is hoped that such a review will serve both as a reference work for practitioners and as a guide for those wishing to further develop the new approaches that have been established.
